Humic and fulvic acids constitute humic substances, a complex mixture of many different acids containing carboxyl and phenolate groups, which are not only the principal soil fertility factors but also the main pollutants present in landfill leachates or natural organic matter in water. Due to their low bacterial biodegradability, fungal biodegradation processes are key for their removal. The present study compiles and comments all the available literature on decomposition of aqueous humic substances by fungi or by their extracellular enzymes alone, focusing on the influence of the reaction conditions. The biodegradation extent mainly depends on the characteristics and concentration of the humic compounds, the type of microorganisms selected, the inoculation mode, the C and N sources, the presence of certain chemicals in the medium, the availability of oxygen, the temperature, and the pH.
Introduction
When organic matter from coal, manure, compost, soil, or water is extracted with alkali, the soluble fraction generated consists of humic substances (HSs), whereas the insoluble one contains products called humin and non-humic matter (McDonald et al. 2004) . The HSs are the most widespread and ubiquitous natural nonliving organic materials in terrestrial and aquatic environments and they represent the major fraction of soil organic matter (Granit et al. 2007 ). Properties of soil like water holding capacity, sequestration of nutrients and its transport, and biological activity are directly affected by humic substances. If HS is subjected to a subsequent acid extraction, the solubilized polymers are known as fulvic acids (FA), and those which remain in solid state correspond to humic acids (HA). Both recalcitrant acids are also the main components of natural organic matter in water (Bhatnagar and Sillanpää 2017) and of old landfill leachates (Gao et al. 2015) , being occasionally used as model pollutants in laboratory tests for purifying drinking water (Kim and Dempsey 2013) or for treating wastewater (Oulego et al. 2015 (Oulego et al. , 2016 . Nonetheless, since HA and FA contain lignin-like moieties such as anthraquinones, substituted benzoic acids, and substituted cinnamic acids, they could also be employed as surrogates for wastewaters from textile, pulp and paper, olive mill, and brewery industries, among others (Belcarz et al. 2005) , which is another reason for their environmental importance.
In nature, humic substances are extremely resistant to biodegradation. It is now known that several microorganisms, mainly fungi, can decolorize and even completely mineralize humic acids under certain environmental conditions. Fungi are classified in four or five phyla, being those belonging to the Ascomycota and to the Basidiomycota the most frequent in the soil and employed for bioremediation (Sankaran et al. 2010; Tortella et al. 2005) . Within both phyla, the wooddegrading type and specially the white-, brown-, and soft-rot fungi deserve a special mention: they excrete extracellular enzymes that decompose complex nutrients into simpler substances that can be easily absorbed through the cell wall.
White rot and brown rot are mainly exerted by basidiomycetes, whereas soft rot is mainly performed by ascomycetes (Kües 2015) . Brown-rot fungi attack lignin by Fenton chemistry, turning it into a brown oxidized form and then degrading it by means of the enzymes. White-rot fungi attack directly the lignin (or lignin-like) polymers through ligninolytic enzymes, mainly lignin peroxidase (LiP), manganese peroxidase (MnP), and laccase (Lac) (Yadav and Yadav 2015) . Soft-rot fungi only perform a partial enzymatic degradation of cell wall polysaccharides and slight alterations of lignin. Lac [EC 1.10.3.2] are copper-containing oxidases that utilize molecular oxygen as oxidant, whereas peroxidases are hemeproteins that catalyze the reduction of the hydrogen peroxide endogenously generated. The mechanism of LiP [EC 1.11.1.7] includes the oxidation of veratryl alcohol (an endogenously produced redox mediator), and the action of MnP [E.C. 1.11.1.13] involves the oxidation of Mn(II) to Mn(III) prior to the oxidation of the targeted substrates (Ikehata et al. 2004 ). Other enzymes unable of breaking lignin, but implicated in the process, such as glycosal oxidase and superoxide dismutase (both related to the generation of H 2 O 2 ), glucose oxidase, cellobiose-quinone oxidoreductase, aryl alcohol oxidase (AAO), horseradish-like peroxidase (HRP), cytochrome P450 enzymes, and tyrosinase (also known as monophenol monooxygenase, MMO) are produced by the fungi as well (Pointing 2001) .
In this study, all the literature published to the date about application of fungi and their enzymes to bioremediation of HS-containing water is compiled and discussed. Unlike the existing review of Grinhut et al. (2007) , the present one is not a description of the performance of these microorganisms in natural environments, but an analysis of the effect of the experimental variables on the fungal biodegradation of HA or FA in aqueous media. Additionally, this paper also addresses the combination of biosorption with biodegradation, since fungi can also remove some compounds by adsorption to the biomass (Zhou and Banks 1993) .
General remarks

Precursor compounds of HS
The formation of humic substances is one of the least understood aspects of humus chemistry and one of the most intriguing. Preliminary understandings about how humic substances are formed are based on four published theories: lignin modification, quinone-amino acid interaction, microbial synthesis of aromatics, and the Mallard reaction. Each theory describes complicated biotic and abiotic reactions in which a variety of organic compounds, such as phenolic compounds (e.g., lignins), complex carbohydrates, and nitrogenous substances are resynthesized to form large complex polymers. The extreme variability in the molecular features of humic substances relates back to the precursor compounds and the environmental conditions under which the humic substances formed (Stevenson 1994; Tan 2014) . Therefore, the parent material from which HSs are formed is a variable taken into consideration.
In this regard, 41 references investigating fungal decomposition of HS, HA, or FA in liquid media have been compiled. Table 1 presents them briefly. Regarding the origin of the HS employed, 16 of them are focused on compounds extracted from soil (Belcarz et al. 2005; Blondeau 1989; Burges and Latter 1960; Gramss et al. 1999; Koukol et al. 2004; Mathur 1969 Mathur , 1970 Paul 1966, 1967; Mishra and Srivastava 1986; Paul and Mathur 1967; Řezáčová et al. 2006; Yanagi et al. 2002 Yanagi et al. , 2003 , 13 on HS or HA from coal (Fakoussa and Frost 1999; Hofrichter and Fritsche 1997a; Kabe et al. 2005; Ralph and Catcheside 1994 , 1998a , b, 1999 Ralph et al. 1996; Temp et al. 1999; Willmann and Fakoussa 1997; Wondrack et al. 1989; Zahmatkesh et al. 2016; Ziegenhagen and Hofrichter 1998) , 3 on HA from compost (Grinhut et al. 2011a, b; Kluczek-Turpeinen et al. 2005) , and 1 on HS, HA, and FA from groundwater (Claus and Filip 1998) . Besides, 3 works use semi-synthetic or synthetic HA (Haider and Martin 1988; Hofrichter et al. 1998; Wunderwald et al. 2000) .
There are also papers that utilize compounds from two origins: soil and coal (Kornillowicz-Kowalska et al. 2008; Zavarzina et al. 2004) , soil and manure (Khandelwal and Gaur 1980) , soil and commercial (Petrovic et al. 1993) , and litter and synthetic (Steffen et al. 2002) . Of the 41 references, 1 deals with HA, HS, and FA (Claus and Filip 1998) , 3 with HA and FA (Mathur 1970; Petrovic et al. 1993; Řezáčová et al. 2006) , 3 with HS (Gramss et al. 1999; Hofrichter and Fritsche 1997a; Temp et al. 1999 ), 1 with FA (Mathur 1969) , and the remaining 33 with HA alone.
It has to be pointed out that the works of Hofrichter and Fritsche (1997a) and Temp et al. (1999) erroneously employed the term HA to designate HS, because the second acidic step was not performed, and that Belcarz et al. (2005) called HA to both true HA and to a mixture of HA and humin (therefore, this last mixture is not considered in this review).
We have not considered those publications that only studied degradation in solid media, such as those of Hurst et al. (1962) , Fritsche (1996, 1997b) , Steffen et al. (2000) , Elbeyli et al. (2006) , Granit et al. (2007) , and Šnajdr et al. (2010) , nor the experiments in solid media of those articles working with liquids as well (Belcarz et al. 2005; Burges and Latter 1960; Kluczek-Turpeinen et al. 2005; Kornillowicz-Kowalska et al. 2008; Řezáčová et al. 2006; Steffen et al. 2002; Zahmatkesh et al. 2016) .
Measurement methods
The degradation of HS by fungi is mainly followed by ultraviolet-visible spectrophotometry. Most of the researchers measured absorbances at wavelengths between 275 and 665 nm, and estimated decolorization or bleaching through the decrease in these absorbances. However, a few authors stated that some wavelengths are better than others for Reduction of HA weight after incubation for the two fungi. Paul (1966, 1967) , Paul and Mathur (1967) Soil HA 2 Penicillia frequentans, Aspergillus versicolor, Fusarium sp., Cephalosporium sp., Cunninghamella sp., and Penicillium 895
For the 7 fungi, decolorization when HA was the sole source of C, N, or C + N. For 1 P. frequentans, reduction of HA mass or of absorbance at 465 nm when it was the sole source of C, N, or C + N; influence of shaking and of inoculation mode (spores or mycelium); elemental analysis, chemical groups, ratio between the absorbances at 465 and 665 nm and molecular mass distribution in a shaken culture inoculated with mycelium where HA was the sole source of C. Mathur (1969) S o i l F A Poria subacida 17780
Effect of FA concentration on decolorization in a stationary Czapek-Dox broth fortified with yeast extract. Effect of shaking on decolorization in a Czapek-Dox broth without sugar, and 0.05% FA as the sole source of C. Mathur (1970) H A a n d F A f r o m s o i l
Marasmius oreades
Decrease of FA and HA concentrations in 2 Czapek-Dox media (1 with yeast extract and other without sugar). Effect of shaking Khandelwal and Gaur (1980) HA from soil and manure Fusarium solani, Penicillium roseopurpureum, and Aspergillus fumigatus
Decolorization of the manure HA with the 4 fungi and of the soil HA with F. solani when HA was the sole source of C, N, or C + N. Decolorizations in presence of both nutrients were also measured. Mishra and Srivastava (1986) Soil HA Aspergillus awamori, Humicola insolens, Paeceliomyces fusisproms, Penicillium sp., Trichurus spiralis, Trichoderma viride, and 3 Aspergillus spp.
Decolorizations when HA was the sole source of C, N, or C + N for the 9 fungi. Ralph and Catcheside (1994) Coal HA Phanerochaete chrysosporium BKM-F 1767
Reduction of absorbances at 400 nm, modal mass, cell dry weight, and enzymatic activities in 2 media (nitrogen sufficient and low nitrogen) Enzymatic activities in HA-free media. Ralph et al. (1996) C o a l H A Ganoderma applanatum DFP 12073, Merulius tremellosus FPRL 13, Perenniporia tephropora DFP 7904, Phanerochaete chrysosporium Biomass weight, decolorization, and change in modal mass for the 9 fungi. Enzymatic activities in HA-free medium. Effect of the volume of the medium (10 mL of 15 mL in 100-mL conical flasks) for 3 fungi (M. tremellosus, P. tephropora, and P. chrysosporium.) Hofrichter and Fritsche (1997a) Coal HS MnP from Nematoloma frowardii b19.
Molar mass distribution and reduction of absorbances at 360 and 450 nm for both humic and fulvic fractions Willmann and Fakoussa (1997) Coal HA Fungal strain RBS 1k MnP from this fungus For the microorganism: (i) effect of varying the C source in a mineral salt medium on decolorization;
(ii) effect of HA concentration on decolorization and of HA concentration and incubation time on enzymatic activity in a diluted malt extract medium; and (iii) elementary analysis, functional groups, modal mass, bleaching, and enzymatic activities in the malt extract medium with an initial HA content of 0.05%. For the enzyme: bleaching and molar mass reduction Claus and Filip (1998) HA from groundwater, HA and FA from bog lake, and HS from river Cladosporium cladosporioides P8 Lac from Polyporus versicolor DSM 3086
For groundwater HA and C. cladosporioides: (i) effect of shaking on biomass weight, decolorization, enzymatic activity, elemental composition, and functional groups, and (ii) influence of the adsorption on the results. For lake HA and Lac, the effect of adding several concentrations of 1-hydroxybenzotriazole (a redox mediator) on decolorization. For lake FA, river HS, and groundwater HA, Lac and the optimum concentration of 1-hydroxybenzotriazole, decolorization, and ratio of absorbances at 465 and 665 nm Hofrichter et al. (1998) Effect of temperature (28 or 37°C), veratryl alcohol (0 or 2 mmol/L), and atmosphere (air or hyperbaric oxygen) on decolorization. Enzymatic activities in HA-free media Ralph and Catcheside (1998b) Coal HA Phanerochaete chrysosporium strains BKM-F 1767 and ME446 (which produce both MnP and LiP) and ME446-B17-1 (which produces only MnP) MnP from P. chrysosporium For the strain BKM-F 1767, the effect of Mn(II) concentration on modal mass, decolorization, and time-integrated enzyme activities. Enzymatic activities were measured in a HA-free media as well. For the strains ME446 and ME446-B17-1, the enzymatic activities, modal mass, and decolorizations at 200 μmol/L Mn(II) as functions of time. For MnP alone, modal mass and absorbance change Ziegenhagen and Hofrichter (1998) Coal HA MnP from Clitocybula dusenii b11
Effect of varying the concentrations of HA, glutathione, N,N-dimethylformamide and dimethyl sulfoxide on the decolorization. Molar mass distribution at the optimal conditions Fakoussa and Frost (1999) C o a l H A Trametes versicolor, Phanerochaete chrysosporium, Pycnoporus cinnabarinus, Pleurotus ostreatus, Heterobasidion annosum, Fusarium oxysporum, Paecilomyces farinosus, Lentinula edodes, and 2 unknown strains called RB 18 and RBS 1k
For the 10 fungi in a diluted malt extract medium: decolorizations and predominant enzymes For T. versicolor, decolorizations in 3 media: diluted malt extract, mineral salts (with different sources of C and N), and peptone. For T. versicolor in a diluted malt extract medium: (i) decolorization as function of HA concentration, (ii) biomass weight, enzymatic activity, bleaching, and molar mass distribution as a function of time for an initial amount of 0.85 g/L HA, and (iii) effect of varying the C/N ratio on decolorization and Decolorizations for the 15 compounds after the incubation time. Relation of these bleachings with absorbances, aromaticities, total acidities, elemental compositions, and atomic ratios for the HAs before the reaction. Koukol et al. (2004) S o i l H A Chalara longipes CCF 3367
Decolorization, ratio between the absorbances at 465 and 665 nm, fungal growth, and molar mass distribution in 2 media (1 where the C source was malt extract and other where it was glucose). Zavarzina et al. (2004) H A f r o m c o a l a n d 2 s o i l s Lac from Panus tigrinus 8/18
Decolorization, ratio of absorbances at 465 and 650 nm, and molar mass distribution for the 3 HAs Belcarz et al. (2005) H A f r o m 2 s o i l s Bjerkandera adusta R59
Decolorization, enzymatic activities, and concentration of phenolics (as vanillic acid) as functions of incubation time. Kabe et al. (2005) C o a l H A Unidentified strains FTN, WO-4, and WT-5
Decolorizations, depolymerizations, and enzymatic activities (in a HA-free medium) for the 3 strains. Kluczek-Turpeinen et al. (2005) selected 450 nm for HA monitoring and 360 nm for FA monitoring without further explanations, despite the fact that the rest of literature indistinctly employed these wavelengths for both acids (Fakoussa and Frost 1999; Hofrichter and Fritsche 1997a; Řezáčová et al. 2006) . Moreover, ratios of absorbances at two different wavelengths in the ultraviolet (Ralph and Catcheside 1999) or visible ranges (Claus and Filip 1998; Koukol et al. 2004; Mathur and Paul 1967; Řezáčová et al. 2006; Zavarzina et al. 2004 ) are also employed to indicate the molecular weight evolution and the aromaticity degree (McDonald et al. 2004 ).
Other techniques used to quantify the HS biodegradation are the recovery and weighing of the remaining compounds (Burges and Latter 1960; Mathur and Paul 1967) , the changes in total organic carbon (TOC) (Řezáčová et al. 2006) or in chemical oxygen demand (COD) (Petrovic et al. 1993) , and the measurement of the free fluorine (Wunderwald et al. 2000) or carbon dioxide (Haider and Martin 1988; Hofrichter et al. 1998; Steffen et al. 2002 ) generated during the mineralization of fluorinated or 14 C-labeled polymers, respectively. Besides quantification, characterization of HS, HA, and FA before and after the fungal treatment is usually performed as well, by means of techniques such as elemental analysis, Fourier transform ion cyclotron resonance mass spectrometry, nuclear magnetic resonance (of 13 C or of H), and size exclusion chromatography (largely the gel permeation type), being the last one the most utilized. Biodegradation can be accompanied by the increase, decrease, or non-change in the modal mass (Gramss et al. 1999; Ralph et al. 1996) , the presence of new low molecular weight peaks in the chromatograms (Grinhut et al. 2011a) , and the reduction of phenolic levels, measured as vanillic acid (Belcarz et al. 2005; KornillowiczKowalska et al. 2008) . As one example, Fig. 1 illustrates the evolution of some of the chromatograms for coal HA. Figure 1a shows a 168-h coal HA biodegradation by MnP from Clitocybula dusenii, showing a preferential attack on the high molar mass fractions and the formation of new peaks in the low molar mass range , whereas Fig. 1b reports a less selective attack and the no formation of new low molecular weight fragments during the 14-day degradation by Phanerochaete chrysosporium (Ralph and Catcheside 1994) . It must be pointed out in Fig. 1b that the modal mass of the HA after 5 days of fungal biodegradation is higher than that at the beginning of the reaction, which suggests a certain degree of polymerization of the remaining HA. This repolymerization ability was observed in some ligninolytic enzymes Ikehata et al. 2004; Kulikova et al. 2013) , and, depending on the experimental conditions, it can lead to the apparition of new peaks in the big-size range (Hofrichter and Fritsche 1997a) and/or to an increase in the modal mass, temporarily (Ralph and Catcheside 1998a) or permanently (Ralph and Catcheside 1998b; Temp et al. 1999; Zavarzina et al. 2004) .
Other parameters measured during the fungal biotreatment of HSs are the fungal growth and the enzyme activity. Bleaching is usually accompanied by a rise of the biomass weight. Nevertheless, a higher growth rate does not always imply a better biodegradation Ralph et al. 1996; Řezáčová et al. 2006; Zahmatkesh et al. 2016) .
Regarding enzyme activities, they are estimated through oxidation of certain substrates, such as 2,2′-azinobis(3-ethylbenzthiazoline-6-sulphonate) by Lac and MnP (Steffen et al. 2002; Willmann and Fakoussa 1997) , syringaldazine by Lac (Fakoussa and Frost 1999) , 2,6-dimethyoxiphenol or vanillylacetone by MnP Ralph and Catcheside 1994) , veratryl alcohol by LiP (Blondeau 1989 ), 3,4-dhydroxyphenylalanine by MMO (Gramss et al. 1999) , guaiacol by HRP (Belcarz et al. 2005) , and arylalcohol by AAO (Kabe et al. 2005) . The corresponding enzyme activity is expressed in terms of activity units (U), which reflect the micromoles of substrate consumed per minute, although occasionally they are also calculated as the change in the absorbance of substrates per minute Zavarzina et al. 2004) . At this point, it should be mentioned that the enzyme activities measured in absence of HS are higher than those obtained in their presence (Blondeau 1989; Hofrichter and Fritsche 1997a; Ralph and Catcheside 1994 , 1998b , 1999 Zavarzina et al. 2004) or lower Kluczek-Turpeinen et al. 2005; Steffen et al. 2002; Temp et al. 1999; Willmann and Fakoussa 1997) . Figure 2 displays an example of these differences during the biodegradation of a coal HA by three different fungi.
Several authors have reported that the activity for a specific enzyme depends on the origin of the humic compounds (Belcarz et al. 2005; Claus and Filip 1998; KornillowiczKowalska et al. 2008 ) and their concentration (Claus and Filip 1998; Willmann and Fakoussa 1997; Zavarzina et al. 2004) , the nutrient content (Ralph and Catcheside 1994) , and on the presence of other substances Ralph and Catcheside 1999; Steffen et al. 2002) in the reaction medium, together with the availability of oxygen (Claus and Filip 1998; Ralph and Catcheside 1998a; Ralph et al. 1996) . Relative absorbance at 280nm Fig. 1 Time evolution of the molecular mass distribution for a coal HA attacked by MnP from Clitocybula dusenii according to Ziegenhagen and Hofrichter (1998) and for b coal HA degraded by Phanerochaete chrysosporium according to Ralph and Catcheside (1994) . For further information, see Tables S6  and S1 , respectively
Fungal degradation
Since the majority of the compiled papers deals with several matters, for the sake of clarity, we have divided them into six tables (see supplementary material), depending on the studied variable. Table S1 groups the studies dealing with the effect of the presence of nutrients in the culture medium. It can be seen in the works of Haider and Martin (1988) and Ralph and Catcheside (1994) (and of Blondeau (1989) , Fakoussa and Frost (1999) , and Grinhut et al. (2011b) if adsorption did not alter the general trends) that the higher the C/N ratio, the higher the biodegradation. However, this is not a general rule, because the sucrose removal in the CzapekDox broth fortified with yeast extract of Mathur (1970) did not worsen but enhanced the soil FA decolorization; HA degradation did not reach the highest percentage when the humic compound was the only source of nitrogen for the fungi of Mathur and Paul (1967) , Khandelwal and Gaur (1980) , and Mishra and Srivastava (1986) ; and two of the four fungi tested by Zahmatkesh et al.(2016) were more effective in the nitrogen supplemented medium than in the nitrogen limited one.
Effect of C and N
Taking into account that the absence of other sources of N and C led to equal or better performance than the presence of only C or only N for some microorganisms Paul 1966, 1967; Mishra and Srivastava 1986) , it seems that the fungal decomposition of humic matter is a complex function of the N and C concentrations, and not only of the C/N ratio. Furthermore, if the data of Willmann and Fakoussa (1997) and Fakoussa and Frost (1999) for adsorption plus biodegradation when HA was the only source of C or of N are extrapolable to biodegradation only, the fungal behavior turned out to be dependent on the nutrient source, and the results in different media will be not easily predictable (Gramss et al. 1999; Koukol et al. 2004; Mathur 1969 ). Table S2 includes those studies focused on the effect of the reaction medium and the operational conditions on the fungal degradation of HS. Zahmatkesh et al. (2016) reported that the presence of an inhibitor of cytochrome P450 enzymes in the medium lowered the decolorization rate of the Trametes versicolor, Pycnoporus cinnabarinus, and c Polyporus ciliatus according to Temp et al. (1999) . For further details, see Table S4 thus probing that these enzymes were somehow implied in the decomposition of coal HA. Presence of Mn(II) stimulates the production of MnP (and of other enzymes at certain concentrations) and enhances the biodegradation (Steffen et al. 2002) , although both, the MnP activity and the bleaching, tend to a plateau with increasing Mn(II) concentrations (Ralph and Catcheside 1998a) . Besides, if adsorption does not play an important role, in the findings of Grinhut et al. (2011b) , it has been shown that Mn(II) is more effective in some media than in others. Addition of veratryl alcohol increased the activities of LiP and MnP without improving the bleaching in the paper of Ralph and Catcheside (1998b) , possibly due to competition between the oxidations of the HA and the veratryl alcohol by the enzymes. reported the same behavior than Ralph and Catcheside (1998b) , but, since they do not inform if adsorption was taken into account, this phenomenon could mask their results (in fact, the abrupt reduction of absorbance in the first days of incubation are common hints of biosorption processes) (Petrovic et al. 1993; Temp et al. 1999) .
Effect of reaction medium and operational conditions
With regard to operational variables, aeration (as shaking) turns out to have a negative effect on the attack to FA by Poria subacida (Mathur 1969) , and to FA and HA by Marasmius oreades (Mathur 1970) , but a positive one for the decolorization of HA by Penicillium frequentans Paul 1966, 1967) and Cladosporium cladosporioides (Claus and Filip 1998) . Shaking enhances the nutrient distribution and oxygen transfer, but also breaks the fungal mycelium, so, there will be an optimal agitation speed for each case (Díaz 2012; Hadibarata et al. 2013; Senthilkumar et al. 2014) . A higher availability of dissolved oxygen from air in shallow cultures was the explanation of Ralph et al. (1996) to the higher bleaching and lower increases in modal mass in 10-mL unshaken cultures when comparing it with 15-mL unshaken ones (both contained in 1-L conical flasks). On the other hand, Ralph and Catcheside (1998a) recommended the use of pure oxygen instead of air during the fungal biodegradation, because the oxygenated media led to lower decolorization and to higher modal masses of the remaining HA. Ralph and Catcheside (1998a) were also the only ones who analyzed the influence of temperature in fungal behavior, observing that results at 37°C were better than at 28°C. They did not try to find the optimal temperature that could be expected because the enzyme denaturalization and cell damage will increase at the higher temperatures. Table S3 summarizes the findings about the effects of the initial HS concentration on their fungal decomposition. Biodegradation rates of commercial HA by Trichoderma viride (Petrovic et al. 1993 ) and of soil FA by Poria subacida (Mathur 1969) or Trichoderma viride (Petrovic et al. 1993) decreased when increasing the initial content of the humic material, whereas the attack to compost HA by Paecilomyces inflatus (Kluczek-Turpeinen et al. 2005) improved.
Effect of the initial concentration
Removal of 1 4 C-labeled HA by Phanerochaete chrysosporium (Haider and Martin 1988) and of soil HA by Trichoderma viride (Petrovic et al. 1993 ) remained almost insensitive to the initial amount of HA in the feed, but the bleaching of coal HA by Trametes versicolor (Fakoussa and Frost 1999) or by the unclassified strain RBS 1k (Willmann and Fakoussa 1997) went through a maximum with respect to the initial concentration of the HS. Nonetheless, it should be stressed that the maxima in removal rates were only seen by researchers who did not detach adsorption from biodegradation. In all the cases, the media contained additional sources of C and N.
The binding of chlorinated substances from herbicides and insecticides to the humic matrix did not always hinder the mineralization of these compounds, and sometimes, their degradation rate was higher than if not binded (Haider and Martin 1988) . (Yanagi et al. 2002) , of one HA by several fungi or different strains of the same fungus (Burges and Latter 1960; Fakoussa and Frost 1999; Grinhut et al. 2011a; Kabe et al. 2005; Ralph and Catcheside 1998b; Ralph et al. 1996; Yanagi et al. 2003) , and of one HS or FA by two or more fungi (Gramss et al. 1999; Řezáčová et al. 2006; Temp et al. 1999) .
Effect of the fungal species
At this point, it should be mentioned that, although some researchers do not take into account the HS biosorption by the fungus during the biodegradation process (Belcarz et al. 2005; Fakoussa and Frost 1999; Grinhut et al. 2011a; Řezáčová et al. 2006; Yanagi et al. 2002) , this phenomenon can be very important. For example, Gramss et al. (1999) noticed that the bleaching of soil HS by brown-rot fungi seemed higher than that of the white-rot ones if removal due to adsorption was not rested. Additionally, Gramss et al. (1999) also found that white-rot and brown-rot fungi were better than terricolous basidiomycetes, ectomycorrhizal fungi, and soil-borne microfungi (with the exception of Scytalidium lignicola), whereas the brown-rot ones (Fomitopsis pinicola, Piptoporus betulinus) could lead to higher biodegradations than some white-rot microorganisms (Gymnopilus sapineus, Kuehneromyces mutabilis, Pleurotus ostreatus, and Stropharia rugosoannulata). Table S5 included experiments which are not related to comparisons of nutrients, reaction media, operational conditions, HS concentrations, or different fungi, and therefore, they could not be incorporated in the previous tables (Fakoussa and Frost 1999; Paul 1966, 1967; Paul and Mathur 1967; Willmann and Fakoussa 1997; Wunderwald et al. 2000) . It is worth stressing the results of Paul (1966, 1967) , Paul and Mathur (1967) , and Willmann and Fakoussa (1997) , which reported an increase in the carboxylic groups and a decrease of the aromaticity of the HS after the fungal attack, either with or without adsorption of humic matter to the mycelium. This is in accordance with the studies of Claus and Filip (1998) and Grinhut et al. (2011a) and in opposition to the findings of , cited in Tables S2 and S4 . Taking into account that these three last works used the same microorganisms and medium, the behavior previously cited suggests an important biosorption in the work of , with a high attachment of the HA to the cells, stronger than in the works of Fakoussa and Frost (1999) and of Grinhut et al. (2011a) . Table S6 collects the experiments in the literature related to the bleaching of HS, HA, or FA by fungal enzymes, in absence of the microorganism. The role of these enzymes in the biodegradation of humic compounds had semi-quantitatively been addressed by several authors (Tables S1 to S5), mainly studying if the increases in the enzymatic activity and in the HS decolorization are simultaneous. In this regard, some authors, such as Ralph and coworkers Catcheside 1994, 1998a, b; Ralph et al. 1996) , Kabe et al. (2005) , and Zahmatkesh et al. (2016) preferred the comparison between the decolorization degree with the activities measured in an HA-free medium, because it is alleged that HA interferes with assays for some enzymes, reducing their activities by formation of enzyme-HA complexes that do not oxidize the substrates Catcheside 1994, 1998b; Wondrack et al. 1989) .
Miscellany
Enzymatic degradation
In systems with one fungus and one or two enzymes, where agitation improved both biodegradation and enzyme activities (Claus and Filip 1998) , excretion of MnP and LiP in one medium was accompanied by bleaching, but the excretion of LiP alone in other media caused no decolorization (Ralph and Catcheside 1994) . A strain that only produced MnP increased the modal mass of the remaining HA, but other strains, that generated both MnP and LiP, reduced it (Ralph and Catcheside 1998b) . When the parameters studied were temperature (28 or 37°C), veratryl alcohol (presence or absence), and atmosphere (oxygen or air), it seemed that the fungal attack was highly correlated with the enzyme activity (Ralph and Catcheside 1998a) . However, Kluczek-Turpeinen et al. (2005) noticed that during the degradation of compost HA by P. inflatus, only Lac was excreted, but that its activity decreased when increasing the HA concentration, whereas the bleaching followed the opposite trend. This suggests that lignolytic enzymes are necessary, but not sufficient, to accomplish the oxidation.
In articles where several fungi were tested, the correlation between bleaching and enzymatic activity became less evident, since the microorganisms did not produce all the enzymes nor their activities allowed an easy comparison (Gramss et al. 1999; Ralph et al. 1996; Temp et al. 1999) or, simply, because the highest enzymatic activities did not correspond to the highest decolorizations (Gramss et al. 1999; Kornillowicz-Kowalska et al. 2008; Zahmatkesh et al. 2016) . With this in mind, Gramss et al. (1999) reported that brown-rot basidiomycetes (e.g., F. pinicola), which did not produce extracellular phenol oxidases, decreased absorbance and altered the molecular weight of HS as effectively as whiterot basidiomycetes (e.g., Hypholoma frowardii), which produced all of these enzymes. The only exception is the work of Kabe et al. (2005) , who compared three unidentified white-rot fungi, which generated four enzymes each one, and observed good correlation between decolorizations and depolymerizations with Lac and MnP activities.
When the HA removal due to adsorption was not taken into account, the majority of authors reported no correlation between both parameters Fakoussa and Frost 1999; Grinhut et al. 2011b; Řezáčová et al. 2006; Willmann and Fakoussa 1997) , although in some simple cases, the higher activities were linked to the higher bleachings (Belcarz et al. 2005; Blondeau 1989; Steffen et al. 2002) .
Considering these incongruences, Ralph and Catcheside (1998b) , Wunderwald et al. (2000) , Hofrichter and Fritsche (1997a) , and Willmann and Fakoussa (1997) tried to determine if MnP from fungi that were capable of bleaching humic compounds could also decolorize the same substances in absence of the microorganisms. In the same way, this was the initial aim of Claus and Filip (1998) with Lac but they realized that the enzyme from the basidiomycete they had been working displayed a very low activity and preferred to utilize Lac from an ascomycete. Both Wunderwald et al. (2000) and Hofrichter and Fritsche (1997a) reported decreases in absorbance, but Willmann and Fakoussa (1997) did not, a failure that these last ones tried to explain by the necessity of adsorption or proximity of the pollutants to the cell wall. Ralph and Catcheside (1998b) did not report absorbance reduction either, but noticed a rise in the modal mass, caused by the Mn(III) species, which also could cause a depolymerization if the atmosphere became more oxidant. Gramss et al. (1999) compared three (MMO, Lac, HRP) of the four enzymes generated by the microorganisms they had tested (see Table S4 ) with other three enzymes and two abiotic oxidants (one of them contained Mn 3+ ). They also observed that HRP and the two abiotic oxidants gave the best HS removals, but since these researchers did not measure their activities, no useful information could be extracted from this comparison.
Other papers are focused on the optimization of the degradation process or on the better understanding of this process. Ziegenhagen and Hofrichter (1998) modified the amounts of HA, glutathione, and organic solvents N,N-dimethylformamide and dimethyl sulfoxide in order to improve the performance of MnP, Hofrichter et al. (1998) combined the same enzyme (but from other fungi) with several concentrations of the thiol mediator glutathione, Claus and Filip (1998) Wondrack et al. (1989) varied pH and LiP, HA, veratryl alcohol, and H 2 O 2 concentrations during the degradation of coal HA, but did not study all the combinations and left unspecified several parameters in their paper, which does not allow to know the optimum conditions. Also Ralph and Catcheside (1999) studied the effect of veratryl alcohol, NaVO 3 , and oxygen sparging on the oxidation of coal HA and methylated coal HA by LiP from P. chrysosporium. The results of these last ones and those of Zavarzina et al. (2004) with Lac from Panus tigrinus confirmed that the enzymatic action depends on the HA characteristics, and that the same experimental conditions can lead to depolymerization in one acid and to polymerization in others.
Existence of metabolites
The generation of substances from 0.08 to 0.8 kDa observed in Fig. 1a is due to the fact that fungi or their enzymes do not always mineralize the HA or FA to CO 2 completely. Occasionally, the amount of these low and medium molecular weight degradation products can be important, new peaks appear in the chromatograms, and the mass distribution, which was initially unimodal, becomes bimodal Grinhut et al. 2011a) or multimodal (Wondrack et al. 1989 ). In the degradation of lignite HA with LiP from Phanerochaete chrysosporium, variation of the experimental conditions can avoid their formation (Wondrack et al. 1989 ).
Nonetheless, the absence of new prominent peaks does not imply the absence of metabolite generation. Mathur and Paul (1967) separated chromatographically soil HA in four fractions (higher than 35 kDa, between 8 and 35 kDa, between 6 and 8 kDa, and lower than 6 kDa), finding that the lighter fraction was the most susceptible of suffering the attack by Penicillium frequentans (followed by the heaviest fraction). This suggested that, in the mixture of fractions, the larger molecules were not fully decomposed, but converted to intermediate-and small-sized substances. By means of paper and gas chromatography, these authors found that two of these small-sized chemicals were salicyl alcohol and salicyl aldehyde (Mathur and Paul 1966) .
Gas chromatography was also employed by Ralph and Catcheside (1999) when dealing with the low molecular weight fraction from a methylated coal HA degraded by LiP from Phanerochaete chrysosporium in a medium with H 2 O 2 and veratryl alcohol. They reported very small yields of fluoranthene, methyl 3,4-dimethoxybenzoate, trans-chrysanthenol, ( E ) -1 -m e t h y l s u p h i n y l -2 -p h e n y l e t h e n e , 2 , 5 -dimethoxyethylbenzene, 4,6-dimethoxy-3(2H)-benzofuranone, 2,6-dimethoxytoluene, 4-methylbenzenecarbothioic acid Omethyl ester, and methyl 3,4,5-trimethoxy-2-methylbenzoate.
With regard to intermediate-sized metabolites, Gramss et al. (1999) reported that the forest mull HS attacked by F. pinicola, Lactarius deliciosus, Hebeloma crustuliniforme, S. lignicola, Suillus granulatus, and Paxillus involutus generated optically active substances, some of which resembled melanins. For the last two fungi, these metabolites also interfered with the colorimetric and chromatographic measurements. When the HS was treated with H. frowardii and P. ostreatus, there was a production of mono-and polysaccharides based on hexose sugars.
In the degraded lignite HSs used by Temp et al. (1999) and (Hofrichter and Fritsche, 1997a, b) , a decrease in the HA fraction and an increase in the FA one were detected, indicating that the FAs were the intermediate-sized metabolites, since they were generated instead of removed by the fungal/ enzymatic attack. When Fakoussa and Frost (1999) , Kluczek-Turpeinen et al. (2005) , Steffen et al. (2002) , Wunderwald et al. (2000) , Zahmatkesh et al. (2016) , and Ziegenhagen and Hofrichter (1998) subjected their degraded HAs to an acid extraction, true FAs were also found in the supernatants.
Comparison with other actual pollutants
Bioremediation of complex effluents by fungi has generated a huge amount of literature. This has been partially compiled by Singh (2006) , and there are also several specific reviews on textile (Bilal et al. 2017; Fu and Viraraghavan 2001; Holkar et al. 2016; Rodríguez-Couto 2009; Sen et al. 2016; Wesenberg et al. 2003) , pulp and paper (Bajpai 2012; Kamali and Khodaparast 2015; Rubilar et al. 2008) , olive mill (Mann 2011; McNamara et al. 2008; Morillo et al. 2009 ), and brewery wastewaters (Pant and Adholeya 2007; Satyawali and Balakrishnan 2008) . However, to the best of our knowledge, only one of the studies cited in those papers compares the degradation of one industrial pollutant with that of HA: the work of Belcarz et al. (2005) .
The main results reported by these authors are summarized in Table S4 . They also tested the biodegradation of a daunomycin post-production stream with Bjerkandera adusta R59 in a liquid Park and Robinson medium with 10% wastewater (total daunomycin content of 8.9 mg/L and phenolic levels of 11 mg/L) at 26°C for 21 days. Decolorization (59% at 7 days and 94% beyond 14 days) was higher than that of HAs from lessive soil or from chernozem in a Fahraeus medium, but phenolic levels were higher (4.86 mg/L at the end of the experiment) and the peroxidase activity went through a maximum at 7 days instead of at 14 days.
Conclusions and future gaps
HS can be considered as model compounds of several types of pollutants present in wastewaters. Fungi (and especially those from the white-rot type) attack and decompose HA and FA mainly through extracellular ligninolytic enzymes (Lac, MnP, and LiP). The effectiveness of the biodegradation has shown to be a complex function of reaction time, type of fungus, inoculation mode, type of C and N sources and their concentrations, origin, composition, and concentration of the HS, presence of promoters or inhibitors of the fungal growth or of fungal activity, pH, temperature, and aeration, and therefore, they have to be optimized for each individual HS and fungus. Additionally, the cells can remove part of the HS by means of adsorption, and this should be taken into account for either the use or disposal of the excess biomass.
The use of ligninolytic enzymes has proven to be an alternative to the utilization and characterization of fungi, since their activity in the liquid medium does not depend on nutrients and fungus metabolism. However, the costs associated with their production and separation reduce the competiveness of this option when compared to the biomass-based processes.
However, there is much work remaining to be done. For instance, the effects of variables related to the scale-up of the biotreatment, such as the fungal immobilization or the interactions between fungi and bacteria (for bioaugmentation processes or during the treatment of NOM or leachates, for example), have not yet been studied. There is a lack on in-depth knowledge about the characterization/quantification of the intermediates and products generated during the biodegradation. Additionally, their separation and recovery have not been considered. In a similar way, the effects of fungal treatment on the subsequent discharge or downstream processing of the effluent are unknown. Figure 3 shows a scheme of the different variables with effect on the biodegradation of humic and fulvic acids by fungi, giving an idea of those gaps that will need more research. Fig. 3 Summary of the available studies and the future directions on the identified knowledge gaps related to the fungal biotreatment of humic substances
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